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Abstract. Recently, the generation and detection of structured light field have
drawn a great deal of attention, due to their importance in high-capacity optical
data storage and quantum technology. In this letter, we explore the azimuthal
modulation of optical transparency in a four-level double-V type quantum system
near a plasmonic nanostructure. A Laguerre-Gaussian beam and the interaction
of the system with free-space vacuum modes have been employed to create the
phase-dependent absorption of a non-vortex probe field. First, we demonstrate
how to identify the azimuthal index associated with the conventional LG beam via
measuring the probe absorption so that the phase information of such a beam gets
encoded on the spatially-dependent absorption profile with angularly-distributed
lobes. Also, a spatially-varying optical transparency can be formed, due to the
periodic variation of the absorption spectrum. Then, asymmetrical Laguerre-
Gaussian beams are used to extend the selective spatial transparency mechanism
to asymmetric spatially-structured windows, allowing for optical manipulation of
spatial modes at arbitrary positions. Moreover, we investigate the influence of the
asymmetric parameter on the features of the spatial inhomogeneities and show
how the beams enable us to imprint the phase information of the orbital angular
momentum at a desired position.
PACS numbers: 42.50.Gy, 78.67.Bf, 73.20.Mf, 42.50.Tx
Keywords: azimuthal modulation, probe absorption, plasmonic nanostructure,
asymmetric Laguerre-Gaussian beam
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1. Introduction
The coherent interaction of light with atoms has
attracted much attention, due to its applications for
quantum optics and quantum information. Perhaps
the most prominent and well-known example of
such an interaction is electromagnetically-induced
transparency (EIT) in which the destructive quantum
interference between probability amplitudes of two
transition pathways results in the elimination of
absorption along with a deceleration of the group
velocity at the transparent point [1]. This phenomenon
leads to a variety of practical applications, for instance,
highly enhanced nonlinear susceptibility in the spectral
region of induced transparency accompanied with steep
dispersion [2], slow and stopped light [3, 4], multi-
wave mixing [5, 6], optical soliton [7] and so on. Also,
techniques based on EIT allow for the storage of
optical data in matter, facilitating the realization of all-
optical quantum information processing and quantum
memory [8, 9]. On the other hand, recent studies have
indicated that coherent optical phenomena of quantum
systems such as atoms, molecules and quantum
dots can be strongly influenced in the presence of
nanostructures [10, 11]. A prominent feature of such
systems is remarkably modified spontaneous decay rate
in different dipole moment directions. For instance,
Yannopapas et al. showed how placement of a three-
level quantum emitter in the proximity of plasmonic
nanostructures such as metallic slabs, nanospheres, or
periodic arrays of metal-coated spheres can increase
the degree of quantum interference in a spontaneous
emission [12].
Optical vortex beam carrying orbital angular
momentum (OAM) have attracted great interest
owing to numerous applications ranging from optical
imaging, telecommunications, and optical tweezers
to quantum technology [13]. The OAM of light,
with inherent infinite dimension, gives additional
possibilities in manipulation of the optical information
in high-dimensional Hilbert spaces, providing higher
efficiency and enhanced capacity. It was Allen et
al. who recognized that beams with the phase
cross-section of the form exp(inϕ) carry an OAM
equivalent to n~ per photon (with n as an integer
and ϕ being as the azimuthal coordinate) [14]. An
example is Laguerre-Gaussian (LG) mode, exhibiting
a doughnut-type intensity profile and a helical phase
structure. Such modes have found use in areas such
as quantum and nano-optics [15–21], communications
and quantum information processing [22–24]. In
the domain of optical micro-manipulation, LG modes
have also attracted much interest, setting microscopic
particles into rotation, trapping low-refractive index
particles and creating micropumps [25–27]. Recently,
a family of asymmetric Laguerre-Gaussian (aLG) laser
beams, with a crescent-shaped intensity pattern and
a nonlinear OAM, is introduced by Kovalev and his
co-workers [28]. A rotation of large asymmetrical
nanoparticles with increased velocity by using aLG
beams has been carried out in another work of
the authors [29]. More recently, the microscopic
interaction of aLG beams with ultra-cold atoms
has been investigated, resulting in a superposition
of matter vortex states in an atomic Bose-Einstein
condensate [30]. However, to the best our knowledge,
no study to date has explored the modulation of
transparency by using aLG beams.
The interaction between atomic systems and
optical vortex beams is a major focus of scientific
interest and has been exploited in context of EIT
[23,31–36] and four-wave mixing [37–39]. For example,
the storage of optical vortex, based on an EIT protocol,
has been reported in atomic ensembles [23,31]. Several
studies have also demonstrated how the properties of
EIT can be utilized to identify the OAM information
of the vortex light. In the seminal work by Radwell
et al., an atomic scheme for creating structured
beams was suggested, by using a probe beam with
azimuthally-varying phase and polarization structure,
so that the self-modulation of incident light beams
can convert the phase into intensity information [33].
More recently, another scheme has been proposed for
the detection of structured light fields via measuring
the absorption profile, which takes advantage of a
closed-loop structure of a highly resonant atom-light
coupling. Here, we suggest another method to detect
the characteristics of the OAM carried by a LG
field, and spatially-varying optical transparency via
measuring the absorption of a non-vortex probe beam.
In this paper, through combining the phase-
dependent optical effects and OAM, we propose a
four-level double-V type quantum system for realizing
azimuthal modulation of EIT. By exposing the system
to a non-vortex probe field and a field carrying OAM,
we find that the absorption of the non-vortex probe
field depends on the azimuthal factor of the vortex
LG beam. First, we consider the scheme in which the
quantum system is exposed to a conventional LG beam
and show how the phase-dependent profile reveals
both the magnitude and sign of the azimuthal index
associated with the LG field. Moreover, one can obtain
information about positions of low light transmission,
gain or optical transparency through measuring the
absorption profile. Then, we demonstrate how aLG
beams affect the features of spatial inhomogeneities
and how the beams enable us to imprint the phase
information of OAM onto the probe absorption at
specific positions which can be controlled easily by the
shifts.
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2. Asymmetric Laguerre-Gaussian beams
LG beam, an eigenmode of the paraxial propagation
electromagnetic equations, exhibits orbital angular
momentum of n~ per photon, because of its helical
wavefront and on-axis phase singularity [14]. The laser
mode is usually denoted by LGnm, with n and m being
as azimuthal and radial indices. The former is the
number of times the phase completes 2π on a closed-
loop around the axis of propagation and m+1 denotes
the number of radial nodes in the intensity distribution
[40]. Denoting coordinates as (x,y,z)=(r, ϕ,z) in either
Cartesian or cylindrical, the complex amplitude of the
conventional LG-mode in the initial plane is written as
E(r, ϕ, z = 0) = E
′
(
√
2 r
w
)|n| Lnm(
2r2
w2
) (1)
exp(− r
2
w2
+ inϕ) + c.c.,
where, we have defined exp(inϕ) as the azimuthal
phase factor, with ϕ = arctan(y/x). Also, the
parameter w is the beam waist and Lnm(x) is the
associated Laguerre polynomial. The customary
Gaussian mode can be viewed as an LG mode with
zero indices (LG00), having a pattern of a round spot
with a constant phase [41]. The profile of LG modes
show concentric rings of intensity, the number of which
is determined by the radial index m, and modes with
increasing n show angularly-distributed lobes so that
there are 2n(m + 1) spots in their transverse mode
patterns [42]. The handedness of helical wave fronts of
these modes is related to the sign of azimuthal index
(n) and can be chosen by convention. It is well known
that beams with such a phase factor of exp(inϕ) have
a well-defined OAM, which can be linked to the phase
factor of an optical vortex (i.e., a phase singularity
of an optical field) so that the beams are considered to
have orbital vortices with a topological charge of n [43].
In the Cartesian coordinates, the OAM term in
the equation (1), i.e., rn exp(inϕ), looks like (x+iy)n;
if the beam is shifted by the vector (δx,δy)-along the
coordinates x and y, respectively- the beam amplitude
in Cartesian coordinates takes the form of
E(x, y, z = 0) = E
′′
(
√
2
w
)|n| [(x − δx) + i(y − δy)]n
(2)
Lnm(
2ρ2
w2
) exp(− ρ
2
w2
) + c.c.,
where, δx and δy can take complex values and
ρ=
√
(x− δx)2 + (y − δy)2. As in conventional LG
beams, the transverse intensity pattern of aLG modes
consists of a finite number of rings (m+1), but
with a nonuniform distribution. Generally speaking,
these LG beams, without modal properties, show an
asymmetric intensity pattern in a plane perpendicular
to the propagation axis (z-axis); shifts can cause either
displacement or distortion (or even both of them)
so that in contrast to conventional LG beams, the
intensity pattern of shifted beams does not preserve
axial symmetry and the degree of asymmetry can be
determined by the parameters δx and δy. If shifts in
transverse coordinates (x and y) are real, the beam is
just displaced and not deformed. While, the shape
of a shifted LG beam is distorted for the case of
complex-valued shift(s); if both shifts are imaginary,
the shape of the beam is distorted. For the case of
a real shift along one coordinate and an imaginary-
valued shift along the other, the beam is displaced
and its shape is distorted, as well [28]. In this
paper, we consider three different cases for calculations
concerning aLG beams: 1) shift(s) is real; 2) one shift
is real along one coordinate and imaginary along other
(δx=iδy=iaw), and 3) both shifts are purely imaginary
(δx=δy=iaw), with a as a real number (hereafter, we
call it ”asymmetry parameter”).
Throughout the paper, for simplicity, we have
assumed m = 0 allowing only for the so-called
doughnut modes of order n, however, the treatment
can be applied also to LG beams with non-zero radial
index. Rabi frequency for the conventional LG beams,
without any off-axis radial node, is written as
g(r, ϕ) = g
′
(
√
2 r
w
)|n| exp(− r
2
w2
+ inϕ), (3)
with g
′
=(µE
′
)/~ being as Rabi frequency constant of
the conventional LG beams and µ as the transition
dipole moment. Similarly, the expression for Rabi
frequency of the shifted beams with m=0 takes
the form of g
′′
(
√
2/w)|n| [(x − δx) + i(y − δy)]n
exp(−ρ2/w2), with g′′=(µE′′)/~.
3. Atom near the plasmonic nanostructure
Our analysis is based on the scheme depicted in
figure 1; a double-V type atomic system with two
Zeeman sublevels for upper states |3〉 and |4〉, and two
lower ones, |1〉 and |2〉. The transitions |3〉 → |1〉 and
|4〉 → |1〉 are coherently driven by two laser fields, with
Rabi frequencies g31 and g41, respectively. Also, the
decay rate from the upper states to the lower ones
is denoted by 2γij (i, j ∈ {1, ..., 4} and i > j). The
expression for the dipole-moment operator in the x-
z plane is given by ~µ = µ
′
(|3〉〈1|εˆ− + |4〉〈1|εˆ+) +
µ
′′
(|3〉〈2|εˆ− + |4〉〈2|εˆ+) + H.c., in which εˆ+=(ez +
iex)/
√
2 and εˆ−=(ez − iex)/
√
2 refer to right-rotating
and left-rotating unit vectors, respectively. Also, H.c.
corresponds to the Hermitian conjugate of the terms
explicitly written in the relation. Noting that the
amplitude of the dipole moments, i.e., µ
′
and µ
′′
are
taken to be real.
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Figure 1. (a) The energy-level structure of the four-level double-V type quantum system, interacting with two circularly polarized
weak probe laser fields g31 and g41. The decay rate of the corresponding levels is denoted by γij(i, j ∈ {1, ...,4} and i > j). (b) A
metallic nanosphere made from a silica core and metal coating and (c) a two-dimensional array of such nanospheres.
Two circularly polarized continuous-wave laser
fields whose electric field form is ~E = εˆ+E31 cos(̟31t+
φ31) + εˆ−E41 cos(̟41t + φ41) are interacting with
the quantum system. Here, E31(E41), ̟31(̟41) and
φ31(φ41) denote the electric-field amplitude, angular
frequency and the phase of field, respectively. In
the following, we consider that the system is located
in vacuum at a distance d away from the surface of
the plasmonic nanostructure in the x-y plane. As is
seen in figures 1(b) and 1(c), the nanostructure is a
two-dimensional array of touching metal-coated silica
nanospheres. It may be noted that such a scheme has
been already studied for investigating phase-dependent
optical effects in a four-level quantum system near a
plasmonic nanostructure [44].
Then, the Hamiltonian of the system can be
written as
H = ~ (−δ − ω43
2
)|3〉〈3|+ ~ (−δ + ω43
2
)|4〉〈4| (4)
− (~g31e
iφ31
2
|1〉〈3|+ ~g41e
iφ41
2
|1〉〈4|+H.c.),
where δ=ω − ω¯ denotes the detuning from resonance
with the average transition energies of two upper states
from the state |1〉, with ω¯ = (ω3 + ω4)/2 − ω1, ω43 =
(ω4−ω3)/2 and ωi being as the energy of state |i〉. Also,
the Rabi frequencies are defined as g41 = µ
′
E41/~ and
g31 = µ
′
E31/~.
Now, we assume that the transitions from |3〉
and |4〉 to |2〉 lie within the surface plasmon bands
of the nanostructure, while both transitions from |3〉
and |4〉 to |1〉 are spectrally distinct from the surface-
plasmon bands, and subsequently, the spontaneous
decay in the latter transitions (γ31 and γ41) occurs
due to the interaction of the system with free-space
vacuum modes (after that, we call them ”free-space
spontaneous decay rates”). The master equation
describing the dynamical evolution of the system can
be written as dρ/dt=−i/~ [H, ρ] + L[ρ]. According to
Ref. [44], the equations for the density matrix elements
of the system are
ρ˙11 = 2γ
′
(ρ33 + ρ44)− i
2
(ρ13 g
∗
31e
−iφ31 − ρ31 g31eiφ31)
(5a)
− i
2
(ρ14 g
∗
41e
−iφ41 − ρ41 g41eiφ41),
ρ˙33 = −2(γ
′
+ γ) ρ33 +
i
2
(ρ13 g
∗
31e
−iφ31 − ρ31 g31eiφ31)
(5b)
− κ(ρ34 + ρ43),
ρ˙44 = −2(γ
′
+ γ) ρ44 +
i
2
(ρ14 g
∗
41e
−iφ41 − ρ41 g41eiφ41)
(5c)
− κ(ρ34 + ρ43),
ρ˙31 = [iδ + i
ω43
2
− (γ + γ′)] ρ31 + i
2
g∗31e
−iφ31(ρ11 − ρ33)
(5d)
− i
2
g∗41e
−iφ41 ρ34 − κ ρ41,
ρ˙41 = [iδ − iω43
2
− (γ + γ′)] ρ41 + i
2
g∗41e
−iφ41(ρ11 − ρ44)
(5e)
− i
2
g∗31e
−iφ31 ρ43 − κ ρ31,
ρ˙34 = [iω43 − 2(γ + γ
′
)] ρ34 +
i
2
g∗31e
−iφ31 ρ14 (5f)
− i
2
g41e
iφ41 ρ31 − κ(ρ33 + ρ44).
The remaining equations follow from ρij=ρ
∗
ji and
trace condition
∑
i ρii=1. Noting that we choose the
energy difference of two Zeeman upper states to be
small, i.e., ω43 to be just a few Γ0 (that is the decay
rate of states |3〉 and |4〉 to state |2〉 in the vacuum),
therefore, the approximations γ41=γ31=γ
′
and γ42 =
γ32 = γ would be reasonable. Also, κ denotes the
coupling coefficient between two upper states, due to
spontaneous emission in a modified anisotropic vacuum
[45, 46]. The coefficient, which is responsible for the
quantum interference between two decay channels, can
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be evaluated from the relation
κ =
µ0µ
2ω˜2
2~
Im[Gzz(r, r; ω˜)−Gxx(r, r; ω˜)] (6)
=
1
2
(Γ⊥ − Γ‖),
in which Gij(r, r; ω˜) with i, j=x, y, z are the com-
ponents of the Greens tensor and r refers to the
position of the quantum emitter. We further
define Γ⊥=µ0µ
2ω˜2Im[Gzz(r, r; ω˜)]/~ as the sponta-
neous decay rate of the dipole momentum per-
pendicular to the interface (along the z-axis), and
Γ‖=µ0µ
2ω˜2Im[Gxx(r, r; ω˜)]/~ as that parallel to the in-
terface (along the x-axis). In addition, µ0 is the per-
meability of vacuum and ω˜ = (ω3 + ω4)/2− ω2.
Also, the free-space spontaneous decay rate from
two upper states to state |2〉, due to the interaction of
the quantum system with surface plasmon bands of the
plasmonic nanostructure, is expressed as
γ =
µ0µ
2ω˜2
2~
Im[Gzz(r, r; ω˜) +Gxx(r, r; ω˜)] (7)
=
1
2
(Γ⊥ + Γ‖).
What is also worth mentioning is that we adopt
the ratio p = (Γ⊥ − Γ‖)/(Γ⊥ + Γ‖) to measure
quantum interference. It is clear that the degree
of the quantum interference (p) increases with the
difference between Γ⊥ and Γ‖; the larger difference
is, the stronger the quantum interference. For γ=κ
(or Γ‖=0), we have p=1, the maximum quantum
interference in spontaneous emission, which can be
achieved by placing the emitter close to a structure
that completely quenches Γ‖ [44, 46]. On the other
hand, the degree of the quantum interference would
be zero, if we place the emitter in vacuum: κ = 0 or
Γ‖ = Γ⊥.
On the other hand, the dispersion and absorption
for a weak probe laser field, is determined by the
linear susceptibility of the weak probe field, which
can be written as χ=(2Nµ
′
ρ31)/(ǫ0E31 e
−iφ31) =
(Nµ
′
2eiφ31 ρ31)/(~ǫ0 g31) with N being as density
of the quantum system. By setting 2Nµ
′
2/~ǫ0=1,
for simplicity, the susceptibility now reads χ =
eiφ31ρ31/g31. Using perturbation theory and assuming
that both fields are weak, we can calculate the steady-
state solution for ρ31 from equations (5) and the
expression for the medium susceptibility can be written
as [44]
χ =
A
B
− iκ g41 e
iφ
B g31
, (8)
where
A = δ − ω43
2
+ i (γ + γ
′
), (9a)
B = (−iδ + iω43
2
+ γ + γ
′
) (−iδ − iω43
2
+ γ + γ
′
)− κ2.
(9b)
Here, φ=φ31-φ41 denotes the relative phase of applied
fields. Throughout the paper, we consider the case in
which the field E41 has an LG profile with m=0, either
a conventional or an aLG one, but the other weak
field has no vortices. Therefore, the susceptibility,
and subsequently, the linear absorption of the probe
field depend on the OAM and the azimuthal angle
of the field (ϕ), as the field carries an optical
vortex. In addition, the above analytic expression
shows the dependence of the medium susceptibility
on the relative phase of applied fields (φ) so that
the parameter can also play a decisive role in the
modulation of the absorption.
4. Results and Discussions
Before presenting the numerical results, it is desirable
to point out some important considerations. The
Drude model is used for the dielectric function of the
shell, whose electric permittivity is given by
ǫ(ω) = 1− ω
2
p
ω(ω + i/τ)
. (10)
Here, ωp is the bulk plasma frequency and τ denotes
the relaxation time of the conduction-band electrons
of the metal given by τ−1=0.5 ωp. In this paper, we
consider a typical value of the plasma frequency for
gold as ~ωp=8.99 eV. Also, the length scale of the
system is considered as c/ωp ≈ 22 nm. Moreover,
the calculations are performed on the value of distance
between the quantum system and the surface of the
plasmonic nanostructure: d=0.4 c/ωp. Under such
assumptions, the values for spontaneous decay rates
of the dipole momenta would be Γ⊥=4.132 Γ0 and
Γ‖= 0.0031 Γ0, leading to p ≈ 0.989 [44] (also referring
to figure 3 in Ref. [47]). Here, what is noteworthy
is that such strong quantum interference can be also
realized for distance between 0.4 c/ωp and c/ωp. Other
common parameters are ω43=1.5 Γ0 and E
′
41/E31=3
[E
′′
41/E31=3 for the case of the aLG beam], γ
′
= 0.3 Γ0
and ω˜=0.632 ωp. Furthermore, we assume that both
fields have equal frequencies: ̟31=̟41. Note that our
results are represented in scaled quantities; positions
are divided by w with a typical value of the beam waist
of 0.1 mm (for either the conventional or aLG field).
Note that in our notation, positive (negative) values
in the imaginary part of the susceptibility indicate the
absorption (gain) for the probe field.
In the following, we present steady-state solutions
of the probe absorption profile and demonstrate how
the profile would be spatially-dependent (recalling
that the steady-state solution of the master equation
Azimuthal modulation of EIT by using aLG beams 6
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Figure 2. Spatially-dependent absorption profile of the quantum system in the presence of the plasmonic nanostructure in the case
of a vortex beam with n=2 and φ = 0 in (a), φ = pi/2 in (b), φ = pi in (c), and φ = 3pi/2 in (d). The legends are also shown at the
right of the figures. Common parameters are chosen as d=0.4 c/ωp, γ
′
= 0.3 Γ0, ω43=1.5 Γ0, E
′
41
/E31=3, ω˜=0.632 ωp, δ=0, and
w = 0.1 mm.
can be attained by setting all time derivatives of
equations (5) to zero); due to the spatially-dependent
interaction between the quantum system and the
LG field, the dynamics of the system would be
spatially-dependent. This indicates that measuring
the regions of spatially-dependent transparency can be
possible via measuring the absorption profile of a non-
vortex probe beam. Moreover, the probe absorption
depends on the azimuthal angle and the OAM of
the LG field carrying an optical vortex [exp(inϕ)],
so that it can be, in principle, possible to obtain
the phase information about the OAM from such a
spatially-varying absorption profile. Notice that this
is completely distinct from the OAM transfer: Here,
the probe beam does not acquire any OAM, instead it
develops some OAM features, resulting in a spatially-
varying profile. In addition, the intensity of the probe
beam does not go to zero, as it has no vortex.
First, we investigate the effects of azimuthal index
and the relative phase of applied fields on the probe
absorption when we have applied a conventional LG
beam carrying a vortex. Interestingly, it has been
found that the profile can reveal the sign of the
azimuthal index of applied LG beam, in addition
to detecting its modulus. Also, a spatially-varying
optical transparency can be formed, due to the periodic
variations of the absorption, so that the spatial
inhomogeneity can be well described by the expression
for the medium susceptibility given in equation (8).
We then continue with configurations with aLG beams
and show how these beams could alter the features of
the spatial inhomogeneities.
We start with studying the dependence of the
spatially-varying absorption profile of the quantum
system on the relative phase of applied fields.
Figures 2(a)-(d) show the numerical results of the
probe absorption versus normalized positions (x/w,
y/w) for a conventional LG field with azimuthal index
of n=2 and for different relative phases of applied
fields. Other parameters are chosen as d=0.4 c/ωp,
γ
′
=0.3 Γ0, ω43=1.5 Γ0, E
′
41/E31=3, ω˜=0.632 ωp,
δ=0, and w=0.1 mm. As can be seen from the
legends, the black areas indicate regions of gain in
the spectra, while white areas represent positions of
large absorption. The azimuthal phase-dependent
characteristics of the system can be well understand
by considering the Rabi frequency of the vortex field
as g41=u(r) exp(inϕ), with the definition of a real
function as u(r)=g
′
(
√
2 r/w)|n| exp(−r2/w2). The
susceptibility in the presence of such an inhomogeneous
beam, would be proportional to -i u(r) exp(inϕ+ iφ).
For the special case of φ=0, for instance, the absorption
is proportional to -cos(nϕ): As a result of such angular
dependency, it is expected that the probe absorption
varies cosinusoidally with the periodicity of n so that
the number of appeared lobes would be equal to 2n;
therefore, an unknown vorticity of the LG beam can
be easily recognized by counting the number of white
Azimuthal modulation of EIT by using aLG beams 7
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Figure 3. Spatially-dependent absorption profile of the quantum system in the presence of the plasmonic nanostructure for n=-2
and different relative phases of applied fields. Panels (a) to (d) correspond to φ = 0, φ = pi/2, φ = pi, and φ = 3pi/2, respectively.
Other parameters are the same as those in figure 2.
(black) lobes. Noting that, identifying the OAM
carried by an arbitrary light beam is of paramount
importance in its possible applications in trapping,
communication, and information processing.
Furthermore, the periodic variations of the
absorption initiate the spatial transparency window
at specific angular positions, hence, measuring the
regions of spatially-varying optical transparency can be
achieved by measuring the linear absorption of probe
field. Such expected pattern is shown in figure 2(a),
showing n-fold symmetry. Notice that the cylindrical
transverse mode pattern of LG20 have four angularly-
distributed lobes, hence this structure is mapped into
the absorption profile. It is here worth mentioning that
a similar trend can be also found for any value of the
spontaneous decay rate (γ
′
) and also distance between
the quantum system and the surface of the plasmonic
nanostructure (d), but with different contrasts: In
fact, the moderate values of such parameters does not
poses an obstacle for the formation of high-contrast
patterns in the spatially-varying absorption profile.
More detailedly, lower decay rates create periodic
profiles with higher contrast, as compared with larger
rates. In addition, the distance affects the contrast of
the appeared pattern; the larger distance, the lower-
contrast spatial structure.
A similar trend is also found for other values for
the relative phase of applied fields, however, patterns
in the absorption profile undergo an anti-clockwise
rotation. Figure 2(b) depicts the spatially-dependent
absorption profile of the quantum system for φ=π/2;
here, the absorption would be proportional to a sine
function [-sin(nϕ)], and consequently, the appeared
pattern is expected to be rotated by -45◦. Also,
similar to the previous case, the absorption profile
display expected 2n lobes. More importantly, due to
the appearance of the sine function, the absorption
profile can be also used as a detector of the sign of
the azimuthal index; in other words, a 90◦ rotation
of patterns in the absorption profile is occurred by
reversing the sign of the azimuthal index (this point
will be explained in detail below, with reference to the
concept just mentioned).
Figures 2(c) and 2(d) show the spatially-
dependent absorption profiles for φ = π and φ = 3π/2,
respectively. For the former case and constant az-
imuthal index (n=2), the absorption would be propor-
tional to cos(nϕ) and the pattern is rotated by -90◦,
with respect to that in figure 2(a); this means that
the peaks in the absorption profile switch to dips and
vice-versa, in such a way that the whole pattern re-
mains unchanged, but with an anti-clockwise rotation.
Similarly, another rotation of the pattern occurs for
the case of φ = 3π/2, since the absorption contains a
term of the form sin(nϕ) [see figure 2(d)]. Needless to
say, the pattern will be fully rotated back to its initial
condition, for the case of φ=2π. Here, similar to the
aforementioned cases, the number of lobes is twice the
modulus of the azimuthal index associated with the LG
field.
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Figure 4. Spatially-dependent absorption profile of the quantum system in the presence of the plasmonic nanostructure in the case
of an aLG beam with δx=0, δy=0.2 w in (a) δx=0.2 w, δy=0 in (b) and δx=δy=0.2 w in (c). Other parameters are the same as
those in figure 2(a). The axes have been added in order to more clearly illustrate the displacement of the center of the patterns.
In the following, we will show how the absorption
profile can reveal the sign of azimuthal indices of the
LG field. As mentioned before, the probe absorption
of the system for the case of an LG field, i.e.,
g41=u(r) exp(inϕ), and for the relative phase of zero
φ=0, contains a term proportional to a cosine function.
As a result of such dependency, the profile do not
provide any information about the sign of OAM. This
fact is deduced from figure 3(a), which shows the
spatially-dependent absorption profile, when the sign
of the azimuthal index of the LG field is flipped (with
other parameters fixed); the pattern for negative index
is the same as that for positive one [compare figure 2(a)
and figure 3(a)]. What is also worth mentioning is that
the absorption profile display four-fold lobes, satisfying
the 2n cosinusoidal absorption profile predicted from
equation (8).
However, OAM with index n and -n can be
distinguished in our suggested scheme, by choosing
proper values for the relative phase of applied fields.
Figure 3(b) depicts the spatially-dependent absorption
profile of the system for the case of n=-2 an φ=π/2.
One can see that changing the relative phase from
zero to π/2 causes a rotation of the profile by 45◦.
Additionally, the rotated pattern indicates that the LG
field carries an opposite index [compare figures 2(b)
and 3(b)]. On the other hand, figure 3(c) shows
the absorption profile for the same parameters as
those of figure 2(c) and n=-2. As can be deduced
from the dependency of the probe absorption on the
azimuthal index [cos(nϕ)], the sign of the azimuthal
index can not be distinguished by such patterns. From
equation (8), a simple derivation shows that sorting
out negative and positive azimuthal indices can not
be possible for φ=lπ, with l as an integer. The
spatially-dependent absorption profile for φ = 3π/2 is
shown in figure 3(d), displaying expected trend and
rotation: Having fourfold symmetry and producing a
anti-clockwise rotation of 45◦, with respect to that in
figure 3(a). In addition, the profile properly reflects
the sign of OAM, as it is rotated by a angle of 90◦,
compared to the corresponding plot for the positive
index shown in figure 2(d). From two figures 2 and 3
it appears that the rotating direction of the generated
pattern in the absorption profile is related to the sign
of the index associated with the LG beam: The profile
for a positive (negative) azimuthal index undergoes
an anti-clockwise (clockwise) rotation, by increasing
the relative phase from zero to 2π. It is imperative
to mention here that, in one of our recent works
[48], we introduced the rotation of spatially-dependent
absorption profiles, as a detector of the sign of the
azimuthal indices of applied LG beams. In that case,
a closed-loop interaction scheme in a semiconductor
quantum well structure was explored to create a phase-
dependent medium susceptibility.
So far, we have demonstrated the use of number
of lobes and the rotation of the pattern in spatially-
dependent absorption profiles as the detectors of the
azimuthal index of a conventional LG field. We then
proceed to investigate the azimuthal modulation of
absorption by using an aLG laser field with a zero
radial index, which can be generated by using a liquid-
crystal spatial light modulator [28,29]. Starting with a
real shift(s), we will show how the center of appeared
patterns in the spatially-dependent absorption profile
can be changed, but its shape remains unchanged;
hence, by counting the number of bright (dark) areas,
an unknown LG mode can be easily recognized. Also,
the positions of optical transparency are displaced by
the real shift so that the formation of the transparency
window at a desired position can be accomplished by
tuning such real shifts. We then continue to extend
such selective spatial transparency mechanism to
asymmetric spatially-structured windows in arbitrary
positions, by introducing another set of shifts and show
how the structure of the absorption profile can rotate,
displaced or distorted, depending on the shifts. We
should reiterate that the following three cases of aLG
beams with m=0 and n=2 are presented as examples
of such modulation; however, this treatment can be
applied to any other LG beams with non-zero radial
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Figure 5. Spatially-dependent absorption profile of the quantum system in the presence of the plasmonic nanostructure in the case
of an aLG beam with δx=-iδy= iaw and a=0.1 in (a), a=0.3 in (b) and a=0.5 in (c). Other parameters are the same as those in
figure 2(a).
indices.
First, we consider the case in which one or
both shifts are real; figures 4(a)-4(c) show spatially-
dependent absorption profiles for the aLG field
with real shift(s) as (δx, δy)=(0, 0.2w), (0.2w, 0) and
(0.2w, 0.2w), respectively. Also, Rabi frequency of the
LG field is chosen as g
′′
41=3 g31 and other parameters
are kept at the values given in figure 2(a). Moreover,
the axes have been added to more clearly demonstrate
the displacement of center of patterns. As seen from
this figure, the absorption profile bears the same four-
fold patterns as in the unshifted LG field case, however,
the center of the pattern is changed as compared to the
later. Accordingly, the shifted pattern would influence
the spatially-structured optical transparency. Notice
that the patterns have the same orientation as the
conventional LG beams shown in figures 2(a) and 3(a).
As is well known, a doughnut profile has a central
intensity minimum in the origin of the coordinates,
with a spherical intensity maximum, whereas the
maximum and minimum intensity points of the aLG
beams can be displaced. Calculations show that the
central intensity minimum for such asymmetric beams
is observed at the points [28]
(xmin, ymin) = (Re [δx]− Im [δy], Re [δy] + Im [δx]).
(11)
Similarly, the center of appeared patterns in the
spatially-dependent absorption profile would be dis-
placed by the given vector: The center of patterns in
figures 4(a)-4(c), respectively, is located in (0, 0.2w),
(0.2w, 0) and (0.2w, 0.2w). Also notice that the pro-
file assures that the LG field carries OAM with units
of n, as it is evident from this figure. Worth to note,
the power of aLG modes remains the same as that of
the conventional LG ones, as if beams are shifted by a
real distance, hence there is no need to a normalization
constant in the beam amplitude.
Then, we consider the case of purely-imaginary
magnitude δx δy, where the shifts have the same
absolute value (δx=-iδy). As we know from the
work of Kovalev et al, complex-valued shifts always
result in an increased power of aLG beams, so
a normalization constant must be included in the
definition of the beam amplitude in order to keep
the power of profiles (1) and (2) unchanged; i.e.,
A= [ exp(2D
2
0
w2
)L0m+n(−
2D20
w2
)L0m(−
2D20
w2
) ]−1/2, with
D0=
√
(Im [δx])2 + (Im [δy])2 [28]. Generally speaking,
aLG beams can be displaced, in addition to their
possible distortions, as only one shift along one
coordinate is imaginary and real along the other;
however, we assume here the following values for the
shifts, to retain the center of the vorticity at the axis
of the beam: δx=-iδy=iaw.
Spatially-dependent absorption profiles for the
aLG fields with three different asymmetry parameters
as a=0.1, a=0.3 and a=0.5, are shown in figures 5(a)-
5(c), respectively. Other parameters are the same
as those in figure 2(a). As can be seen form this
figure, the patterns appeared in the absorption profile
become more and more asymmetric by increasing the
asymmetry parameter (a). In the case of a small
shift, the profile has four angularly-distribution lobes
with almost equal energy for each lobe, as shown
in figure 5(a). While, the energy of the spots in
the absorption profile with a=0.3 becomes unequal in
such a way that two upper spots, i.e., those in the
first and second quadrants, are slightly diminished.
By further increasing the asymmetry parameter, the
beam’s asymmetry tries to confine the spots along
the angle of -90◦ [see figure 5(c)]; indeed, such an
LG beam encodes the information on to the probe
profile around specific positions in third and fourth
quadrants. Notice that the maximum value of the
legend in this figure is also increased comparing
with the previous case, mainly due to an increase
of the power. Another remarks to be made about
this figure is that such asymmetric beams induce
spatial inhomogeneity in the probe absorption, and
consequently, asymmetric transparency windows can
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Figure 6. Spatially-dependent absorption profile of the quantum system in the presence of the plasmonic nanostructure in the case
of the aLG beam with δx=δy= iaw and a=0.1 in (a), a=0.3 in (b), and a=0.5 in (c). Other parameters are the same as those in
figure 2(a). The axes have been added in order to more clearly illustrate the displacement of the center of the patterns.
be formed at specific positions.
Such behavior can be explained in terms of
the shape of the aLG field. In the case of only
one imaginary shift, the transverse pattern of the
asymmetric beam with small asymmetry parameter
remains almost unchanged: a four petal-like structure,
but with slightly asymmetric pattern. Hence, one
can expect that such asymmetric structures will be
imprinted to the absorption profile of the system. On
the other hand, the transverse pattern tends to have
more asymmetric spots and it gets concentrated near
a specific region, with the increasing values of shifts.
Moreover, asymmetries increase the peak intensity of
the beam- which is reflected in the maximum value
of the legends in the plots of the transverse pattern-
similar to the one shown here for the probe absorption
profile. About the rotation of the pattern, one can
follow the argument in Ref. [28]; the appeared light
crescent in the intensity patterns of aLG beams, would
be rotated by the angle of Φ=arctan(−Im [δx]/Im [δy]),
which would be -π/2 for our chosen shifts. As the
intensity crescent is found for large transverse shift, the
asymmetry causes the pattern of absorption profiles to
start rotating about the axis, and finally, to have a
redistributed structure along such given angle.
Finally, we analyze the modulation of absorption
for the case in which both shifts are purely imaginary
δx=δy=iaw. It seems reasonable to expect a similar
behavior for the present case, but with increased
asymmetry. Figures 6(a)-6(c) depict the spatially-
dependent absorption profiles for the aLG field with
asymmetry parameters as a=0.1, a=0.3 and a=0.5,
respectively. Other parameters are kept the same
as in figure 2(a). Similar to the previous case,
asymmetric absorption patterns are found, although
two major differences are apparent. 1) As both
shifts are imaginary, the profile exhibits pronounced
distortion relative to the previous case with only one
complex-valued shift. 2) As the central intensity
minimum of the aLG field is found at phase-singularity
points (xmin, ymin)=(-aw, aw), the center of the
patterns in the absorption profile has now changed.
Furthermore, the legends confirm that the peaks with
larger height (and dips with larger depth) are found by
increasing the magnitude of the shifts (recalling that
the asymmetry increases the peak intensity of the aLG
beam).
It is evident from figure 6(a) that the aLG beam
with a=0.1 produces a 4-lobed diagonal pattern with a
near-axially symmetrical structure, similar to previous
cases for the unshifted beam; however, the energy of
the lobes has changed and is not equal. By further
increasing the shifts, the absorption profile, shown in
figure 6(b), reveals an inhomogeneous pattern at -π/4
degree with vanishing the spot in second quadrant.
Figure 6(c), finally, shows the profile with large shifts
of i0.5w, resulting again in 2n absorption lobes. Noting
that, the absorption profile of the system is again
reminiscent of the petal-mode patterns in transverse
profile of corresponding asymmetric beams. Another
prominent point to be noted about figure 6 is the
orientation of the appeared lobes in the absorption
profile of the system; as can be seen from this figure,
the whole structure tightly bound together near the
angle of -45◦, for the large purely-imaginary shifts.
Indeed, this behavior resembles that of a transverse
pattern of an aLG beam: By increasing shifts, the field
is slightly diminished in the second quadrant and the
whole pattern starts to rotate, aligning at the angle of
Φ=-π/4 [28].
5. Conclusions
In this letter, we have studied the azimuthal
modulation of absorption in a four-level double-V
type quantum system near a plasmonic nanostructure,
which induces the phase-dependent optical effects.
The considered system interacts with two weak laser
fields which couple the lowest state with the two
upper ones in the free-space transitions. If one of
the fields has the LG profile with an optical vortex,
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the phase-dependent medium susceptibility results in
the azimuthal variation of the system. Using a
density-matrix methodology, it has been found that
the absorption of the non-vortex probe depends on
the azimuthal factor and the OAM of the vortex
LG beam. First, we have considered situations
in which the system is exposed to a conventional
LG beam and have investigated the effects of the
azimuthal index and the relative phase of applied
fields on the absorption profile of the probe field. It
has been found that the spatially-varying absorption
profile can reveal the modulus of the azimuthal index
associated with the LG field. Interestingly, due to
the phase-dependent structure of the scheme, sorting
out positive and negative modes of the LG field can
be also possible. Therefore, an unknown vorticity
of the LG beam can be recognized through mapping
the spatially-dependent absorption profile of the non-
vortex probe field. Moreover, a spatially-varying
optical transparency can be formed, due to the periodic
variations of the resulting absorption spectra, through
which obtaining information about positions of low
light transition, gain or optical transparency can be
provided.
Then, by exposing the system to the aLG
mode, incorporated by complex-valued shifts to a
conventional LG mode, we have demonstrated how
such a beam influences the features of spatial
inhomogeneities. For the case of particular aLG field
with a real shift(s), the fourfold symmetry in the
intensity of the shifted LG field, is mapped onto
the spatial profile. However, the center of appeared
patterns in the spatially-dependent absorption profile
is moved to a different position, which coincides
with the phase-singularity point of the beam. Also,
the formation of spatially-structured windows in
arbitrary positions can be achieved by tuning such
real shifts. Moreover, two other configurations,
characterized by either one or two imaginary shifts,
have been developed to extend such selective spatial
transparency mechanism to asymmetric spatially-
structured windows, allowing for optical manipulation
of the spatial mode at an arbitrary position. It has
been found that the structure of the absorption profile
can be rotated, displaced or distorted, depending on
the shifts in such a way that the asymmetric features
of the aLG beam could be corroborated through
measuring the absorption profile. Most prominently,
the asymmetry parameter tries to confine the appeared
patterns along specific angular positions.
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